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ABSTRACT
Gravitational wave (GW) radiations from numerous cosmic stellar-compact-binaries
form a stochastic GW background (GWB), which is expected to be detected by ground
and space GW detectors in future. Theoretical predictions of this GWB were mostly
obtained by assuming either circular binaries and/or a specific channel for binary for-
mation, which may have some uncertainties. In this paper, we estimate the GWB
and its spectrum by using simple models for the formation of both stellar mass bi-
nary black holes (sBBHs) and binary neutron stars (BNSs). We consider that the
dynamically originated sBBHs have relatively larger masses and higher eccentricities
compared with those from field binary stars and its possible effect on the GWB spec-
trum. We find that the GWB spectrum may have a turnover in the low-frequency
(Laser Interferometer Space Antenna; LISA) band and may be better described by a
broken double power-law than a single power-law with the unique index 2/3, and the
low-frequency slope depends on the significance of the dynamically originated sBBHs
with high eccentricities. We further generate mock samples of sBBHs and BNSs, and
simulate the mock GWB strain in the time domain. We find that GWB can be detected
with signal-to-noise ratio (SNR) & 274/255/21 by LISA/Taiji/TianQin over 5-years’
observation and & 3 by LIGO over 2-years’ observation. Furthermore, we estimate
that the number of sBBHs that may be detected by LISA/Taiji/TianQin individually
with SNR & 8 is ∼ 5-221/7-365/3-223 over 5-years’ observation.
Key words: black hole physics–gravitational waves–stars: black holes–stars: neutron–
(transients:) black hole mergers–(transients:) neutron star mergers
1 INTRODUCTION
Gravitational waves (GWs) were recently directly detected
by the advanced Laser Interferometer Gravitational wave
Observatories (LIGO), which announced the new era of
gravitational wave astronomy (Abbott et al. 2016a). Dur-
ing the O1 and O2 operations of LIGO and VIRGO (Ac-
ernese et al. 2015), at least ten mergers of stellar binary
black holes (sBBHs) and one merger of binary neutron stars
(BNSs) were detected at high frequencies (∼ 10 − 103 Hz;
e.g., Abbott et al. 2016a,b, 2017a,b,c,d, 2019a). Such merg-
ers of sBBHs and BNSs are now regularly being detected by
the LIGO/VIRGO O3 operation (e.g., Abbott et al. 2018b,
https://gracedb.ligo.org). KAGRA (Somiya 2012; Aso et al.
2013) came on line on 25 February 2020 but couldn’t join the
O3 operation because O3 finishes earlier than planned. GWs
emitted from individual sBBHs at their inspiral stage, long
before the final merger stage, will be detected by future space
GW detectors [Laser Interferometer Space Antenna, LISA,
https://lisa.nasa.gov; Taiji (Huang et al. 2017; Ruan et
al. 2019); and TianQin (Luo et al. 2016; Wang et al. 2019)] at
lower frequencies (∼ 10−4 − 1 Hz), though the data analysis
will be a great challenge (e.g., Baker & LISA Data Chal-
lenge Working Group Team 2018; Baghi et al. 2019). Multi-
band GW observations will be possible in future by combin-
ing space and ground-based GW detectors together (Sesana
2016). It is also expected that LIGO/Virgo/KAGRA and
LISA will detect the stochastic background composed of
GWs emitted from the merger and inspiral of cosmic sBBHs
and BNSs at both high and low frequencies (e.g., Amaro-
Seoane et al. 2012; Sesana 2016; Colpi & Sesana 2017).
How many mergers of sBBHs and BNSs can be detected
and how large the low frequency GW background (GWB)
depends on the merger rates and detailed properties of these
systems, and thus their actual formation mechanisms (see
Chen et al. 2018; D’Orazio & Samsing 2018), which are still
not clear and interesting to investigate. The formation mech-
anisms of sBBHs and BNSs have been extensively studied
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(e.g., Belczynski et al. 2002; Kalogera et al. 2007), espe-
cially after the first detection of GW (e.g., Abbott et al.
2016d; Belczynski et al. 2016; Dvorkin et al. 2016; Mapelli
et al. 2017; Lipunov et al. 2017; Schneider et al. 2017; Spera
& Mapelli 2017; Stevenson et al. 2017; Zevin et al. 2017;
D’Orazio & Samsing 2018; Elbert et al. 2018; Gonda´n et al.
2018; Mapelli & Giacobbo 2018; Samsing 2018; Rodriguez et
al. 2018a; Rodriguez & Loeb 2018; Rodriguez et al. 2018b).
Below, we summarize those mechanisms for both sBBHs and
BNSs.
For sBBHs, there are mainly four mechanisms, includ-
ing (1) evolution of massive binary stars (hereafter denoted
as EMBS channel; e.g., Tutukov & Yungelson 1973; Bethe &
Brown 1998; Belczynski et al. 2002, 2007, 2008; Dominik et
al. 2012, 2013, 2015; de Mink & Belczynski 2015; Belczynski
et al. 2016; Dvorkin et al. 2016; Eldridge & Stanway 2016;
Rodriguez et al. 2016a,b,c; Mapelli et al. 2017; Stevenson et
al. 2017; Elbert et al. 2018; Giacobbo et al. 2018; Giacobbo
& Mapelli 2018); (2) dynamical interactions of compact (bi-
nary) stars in dense star clusters or galactic nuclei (Sigurds-
son & Hernquist 1993; Portegies Zwart & McMillan 2000;
O’Leary et al. 2006; Rodriguez et al. 2016a,b,c; D’Orazio &
Samsing 2018; Rodriguez et al. 2018a; Rodriguez & Loeb
2018; Rodriguez et al. 2018b; Samsing & D’Orazio 2018) or
the Lidov-Kozai mechanism for heirarchical triple systems
(e.g., Antonini & Perets 2012; VanLandingham et al. 2016;
Silsbee & Tremaine 2017; Samsing 2018) (hereafter dynami-
cal channel); (3) AGN/MBH assisted formation mechanism
(hereafter AGN/MBH-assisted channel; e.g., Bartos et al.
2017; Stone et al. 2017; Yi et al. 2018); and (4) dynam-
ical interactions of primordial black holes (hereafter PBH
channel; e.g., Ali-Ha¨ımoud et al. 2017; Kocsis et al. 2018;
Chen & Huang 2018). For BNSs, they may be mostly formed
from evolution of massive binary stars (the EMBS channel)
and the contribution from the dynamical interactions in star
clusters or other mechanisms may be negligible (e.g., Bel-
czynski et al. 2018; Ivanova et al. 2008; Ye et al. 2019).
Different mechanisms may result in different properties
and merger rate of sBBHs. For example, sBBHs formed via
the EMBS channel normally have small eccentricities (Bel-
czynski et al. 2002; Dvorkin et al. 2016), and the spins of
their two components may be aligned and the resulting effec-
tive spin can be large (e.g., Belczynski et al. 2016; Abbott et
al. 2016d, but Belczynski et al. 2017). Those sBBHs formed
via the dynamical channel are probably systematically heav-
ier than those via the EMBS channel (e.g., Rodriguez et al.
2018a,b), and may have high eccentricities (Abbott et al.
2016d; Rodriguez et al. 2018a,b), and the spins of their two
components may be randomly oriented with respect to each
other (e.g., Abbott et al. 2016d; Rodriguez et al. 2016a).
The AGN/MBH-assisted channel may also result in heavy
sBBHs (e.g., Yi et al. 2018). Different properties of those
sBBHs at their formation time may lead to different proper-
ties of those sBBHs systems right before their final mergers.
This can be reflected in distributions of some properties of
sBBHs detected by LIGO and Virgo, e.g., effective spin (see
Abbott et al. 2016d; Farr et al. 2017) and eccentricity (see
Rodriguez et al. 2016a, 2018a), and may also have some
effects on the strength and shape of the combined GWB
spectrum (as a function of frequency; Abbott et al. 2018a).
The merger rates of sBBHs and BNSs and their cosmic
evolution have also been extensively studied in the past two
decades and become a hot topic recently. Theoretical esti-
mates for the local merger rate of sBBHs range from ∼ 0.1 to
∼ 4000 Gpc−3 yr−1 via the EMBS channel (e.g., Belczynski
et al. 2016; Mapelli et al. 2017; Giacobbo & Mapelli 2018;
Mapelli & Giacobbo 2018; Giacobbo & Mapelli 2019), from
0.6 to 20 Gpc−3 yr−1 via the dynamical channel (e.g., Ro-
driguez et al. 2016a; Hong et al. 2018; Rodriguez & Loeb
2018), and are about 3− 4 Gpc−3 yr−1 via the AGN/MBH-
assisted channel (Stone et al. 2017; Yang et al. 2019), and
the estimates for the merger rate of BNSs range from 5 to
1000 Gpc−3 yr−1 from the EMBS channel (Mapelli & Gia-
cobbo 2018; Giacobbo & Mapelli 2019). Observational con-
straints on the local merger rates of sBBHs and BNSs have
been recently obtained according to the GW detection by
LIGO and Virgo, i.e., 56+45.0−46.3 Gpc
−3 yr−1 for sBBHs and
920+2920−810 Gpc
−3 yr−1 for BNSs (Abbott et al. 2019a) at the
90% confidence level, with uncertainties of an order of a mag-
nitude. The large uncertainties in both the observational
constraints and theoretical estimates on the local merger
rate of sBBHs, at least, hinder robust conclusions on which
mechanism dominates the origin of detected sBBHs.
GWs radiated from numerous inspiralling-merging-
ringdown sBBHs and BNSs combine together and form a
stochastic GWB in LIGO/Virgo and LISA bands. Most pre-
vious studies on the stochastic GWB from compact binaries
assumed circular binaries (e.g., Dvorkin et al. 2016; Abbott
et al. 2016c, 2018a; Chen et al. 2018). Part of the reason is
that compact binary systems from the EMBS channel, the
dominant one for the formation of sBBHs and BNSs, though
arguable, are believed to be effectively circularized well be-
fore they enter LIGO/Virgo and LISA bands. However, the
heavy sBBHs, such as GW 150914 (with a total mass of
63M) and GW 170819 (80M), detected by LIGO/Virgo
appear to be easier explained by the dynamic channel rather
than by the EMBS ones (e.g., Rasio et al. 2016; Rodriguez
et al. 2016b). Numerical calculations also suggest that the
dynamical channel may contribute a non-negligible fraction
to the BBH mergers, especially at the high-mass end (e.g.,
Rodriguez et al. 2016a). The AGN/MBH-assisted channel
may also contribute to the formation sBBHs with extremely
high eccentricities (e.g., Zhang et al. 2019). In these cases,
a significant fraction of sBBHs may have significant eccen-
tricities when they enter the LISA band, though they will
be well circularized due to GW radiation before their final
mergers.
In this paper, we estimate the strength and shape of
the stochastic GWB emitted from the inspiral, merger, and
ringdown of sBBHs and BNSs by considering different prop-
erties of those systems resulting from different formation
channels. We focus at low frequencies from 10−4−1 Hz that
will be detected by LISA and Taiji/TianQin in future. We
investigate whether different formation channels can be dis-
tinguished by using future observations on the stochastic low
frequency GWB and illustrate the GWB signal by compos-
ing the GWs from more than millions of mock sBBHs and
BNSs at different merging stages distributed over the cosmic
time.
This paper is organized as follows. In Section 2, we de-
scribe the frame work to obtain the energy density spectrum
of the stochastic GWB combined from the GW emission
from a large number of individual compact (eccentric) bina-
ries over the cosmic time. We introduce simple models for
MNRAS 000, 1–?? (0000)
GW background and eccentric compact binaries 3
the formation of sBBHs and BNSs in Section 2.2 by con-
sidering different formation channels for both sBBHs and
BNSs. We present our results on the GWB obtained from
those models in Section 2.4. We also show the GWB signals
obtained by composing more than millions of cosmic sBBHs
and BNSs in different merger stages in Section 3. Discussions
are arranged in Section 4. Conclusions are given in Section 5.
Through out this paper, we adopt the standard ΛCDM
cosmology model with H0 = 67.9kms
−1Mpc−1, Ωm = 0.306,
Ωk = 0, and ΩΛ = 0.694 (obtained from Planck Collabora-
tion et al. 2016).
2 GWB FROM COMPACT BINARIES
2.1 GW radiation and orbital decay of eccentric
binaries
GW radiation causes the orbital decay of a compact binary
and may lead to the final merger of the binary. This evolu-
tion process can be divided into three stages, i.e., inspiral,
merger, and ringdown (Flanagan & Hughes 1998). In the
inspiral stage, the period averaged evolution of the binary
semimajor axis (a) and eccentricity (e) are given by (Peters
1964)〈
da
dt
〉
= −64
5
G3m1m2(m1 +m2)
c5a3
(
1 + 73
24
e2 + 37
96
e4
)
(1− e2)7/2 , (1)
and〈
de
dt
〉
= −304
15
G3m1m2(m1 +m2)
c5a4
e
(
1 + 121
304
e2
)
(1− e2)5/2 . (2)
Here G is the gravitational constant, c is the speed of light,
m1 and m2 represent the masses of the primary and sec-
ondary components, respectively. Almost all compact binary
mergers (sBBHs and BNSs) are circularized (or at least close
to circular orbits) well before they enter into the merger
stage because of GW radiation.
The orbital evolution due to GW radiation leads
to a change of the orbital frequency fp [= G
1/2(m1 +
m2)
1/2a−3/2/2pi] (a fundamental frequency of the system),
which is described by the relationship (e.g., Enoki & Na-
gashima 2007)
fp
fp,0
=
1− e20
1− e2
(
e
e0
)12/19(1 + 121
304
e2
1 + 121
304
e20
)870/2299−3/2 , (3)
where e0 and fp,0 are the initial eccentricity and orbital
frequency of the binary, fp is the orbital frequency when
the orbital eccentricity evolves to e. According to the above
Equation, for any given initial condition (e0, fp,0), the ec-
centricity e(fp; e0, fp,0) can be solved.
Eccentric compact binaries emit GWs at the orbital fre-
quency and all of its high order harmonics (Peters 1964).
The GW energy density emitted from a distant eccentric
binary during the inspiral stage at a given frequency fr in
the source’s rest frame is given by (e.g., Peters & Matthews
1963; Huerta et al. 2015; Enoki & Nagashima 2007; Chen et
al. 2017):
dEGW(fr)
dfr
=
(piG)2/3
3
M5/3c f−1/3r
∞∑
n=1
(
2
n
)2/3
g(n, e)
F (e)
,
=
(piG)2/3
3
M5/3c f−1/3r Φ, (4)
where
g(n, e) =
n4
32
{
[Jn−2(ne)− 2eJn−1(ne) + 2
n
Jn(ne)
+2eJn+1(ne)− Jn+2(ne)]2 + (1− e2)[Jn−2(ne)
−2Jn(ne) + Jn+2(ne)]2 + 4
3n2
[Jn(ne)]
2
}
, (5)
F (e) =
1 + (73/24)e2 + (37/96)e2
(1− e2)7/2 , (6)
Φ =
∞∑
n=1
(
2
n
)2/3
g(n, e)
F (e)
(7)
Here Jn are Bessel functions, Mc = (m1m2)3/5/(m1 +
m2)
1/5 is the chirp mass of the binary and fn = nfp is
the GW frequency of the n-th harmonic in the source’s rest
frame, e = e(fr; e0, fn,0) is given by Equation (3). Accord-
ing to Equation (7), the higher e is, the higher harmonics
contribute significant to the GW power.
Equation (4) is reduced to the one for circular case (e =
0) as F (0) = 1, g(2, 0) = 1, and g(n, 0) = 0 for n 6= 2. In
this case, GW is radiated at a single frequency f2 = 2fp,
twice of the orbital frequency fp, at any given time during
the inspiral stage (as also described below in Eq. 8).
The GW energy spectrum for inspiral-merger-ringdown
stages for a binary on a circular orbit can be described as
(Ajith et al. 2008; Zhu et al. 2011):
dEGW
dfr
=
(piG)2/3M5/3c
3

f
−1/3
r , if fr ≤ fmrg,
ω1f
2/3
r , if fmrg < fr < frd,
ω2f
2
r
[1+4(fr−frd)2/σ2]2 , if frd ≤ fr ≤ fcut.
(8)
Here fmrg and frd represent GW frequency at the beginning
of merger, and ring down stage, respectively, fcut is the cutoff
frequency of the template, and σ is the width of a Lorentzian
function defined in the third line at the r.h.s of the above
equation, the coefficients ω1 = f
−1
mrg and ω2 = f
−1
mrgf
−4/3
rd are
adopted to make the function dEGW/df continuous at fre-
quencies fmrg and frd. Parameters fmrg, frd, fcut, and σ can
be approximated as quadratic polynomials in terms of Mc
and η (= m1m2/(m1 + m2)
2, the symmetric mass ratio) of
the hybrid waveforms as given in Ajith et al. 2008, see their
Eq. (4.18) and table I. Since almost all eccentric compact bi-
nary mergers (sBBHs and BNSs) are circularized well before
they enter into the merger stage, we adopt Equation (8) to
calculate the GW energy density for the merger and ring
down stages for binaries even with high initial eccentricities.
The energy density per logarithmic frequency of the
stochastic GWB from numerous inspiralling (eccentric) com-
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pact binaries can be written as (c.f., Phinney 2001)
ΩGW(fo) =
1
ρc
dρGW(fo)
d ln fo
=
8(piG)
5
3
9c2H30
f
2
3
o
∫∫∫
dMcde0dzM
5
3
c
Rmrg(Mc, e0, z)
(1 + z)
1
3EV(z)
Φ,
(9)
according to Equation (4). Here Rmrg(Mc, e0, z) is the cos-
mic merger rate density at redshift z of compact binaries
with chirp mass Mc (determined by the total mass and
mass ratio), fo [= fr/(1 + z)] is the GW frequency at the
observer’s rest frame, EV(z) = (1 + z)
√
Ωm(1 + z)3 + ΩΛ,
ρc = 3c
2H20/8piG is the critical comoving density of the uni-
verse and H0 is the Hubble constant.
To obtain the GWB, it is necessary to include high har-
monic GW radiation from eccentric binaries. In general it is
sufficient to sum n up to a value nmax if the contribution
of n > nmax harmonics is negligible to the total GW energy
spectrum. For a given eccentricity, we adopt nmax ∼ 10npeak
with npeak ≈ 2(1+e)
1.1954
(1−e2)3/2 the harmonics that contribute the
most to the GW density spectrum (Wen 2003; Berry & Gair
2010).
Equation (9) can be reduced to a simpler one if all bina-
ries are circularized. Assuming circular binaries, the GWB
energy density can be obtained by
ΩGW(fo) =
8(piG)
5
3
9c2H30
∫∫
dMcdzM
5
3
c
Rmrg(Mc, 0, z)
EV(z)
×
f
2/3
o /(1 + z)
1/3, if fr ≤ fmrg,
ω1f
5/3
o (1 + z)
2/3, if fmrg < fr < frd,
ω2f
3
o (1+z)
2
[1+4(fo(1+z)−frd)2/σ2]2 , if frd ≤ fr ≤ fcut.
(10)
2.2 Merger Rates
The GWB depends on the cosmic merger rate den-
sities of GW sources, either sBBHs or BNSs. Be-
low we describe our simple estimates on the cos-
mic merger rate densities of sBBHs and BNSs re-
sulting from different formation mechanisms/channels.
The total merger rate density Rmrg(m1, q, e0, z) '
R••,B(m1, q, e0, z) +R••,D(m1, q, e0, z) +RBNS(m1, q, e0, z),
where R••,B(m1, q, e0, z) and R••,D(m1, q, e0, z) are the
merger rate density of sBBHs at redshift z from the EMBS
channel and the dynamical channel, respectively, m1, q,
and e0 are the primary mass, mass ratio, and eccentric-
ity e0 at a given frequency f0 of the binary, and RBNS is
the merger rate density for BNSs from the EMBS channel.
The merger rate can also be converted to Rmrg(Mc, e0, z)
with Mc = q3/5m1/(1 + q)1/5. To simplify the problem, we
assume that the eccentricity distribution can be separated
at the given frequency f0, i.e., independent of Mc and z.
Therefore the eccentricity distribution can be first ignored
when we estimate R••,B(m1, q, e0, z), R••,D(m1, q, e0, z),
and RBNS(m1, q, e0, z) below, and then taken into account
when estimating the GWB.
2.2.1 Cosmic Merger Rate Density of sBBHs and sBBH
properties
sBBHs can be formed via four different channels as summa-
rized in Section 1. In this work, we mainly consider the first
two channels, but ignore those sBBHs formed via either the
AGN/MBH-assisted channel or the PBH channel. We ne-
glect sBBHs from the AGN/MBH-assisted channel since this
channel may only lead to a sBBH merger rate substantially
smaller than that from the EMBS and dynamical channels
(e.g., Stone et al. 2017; Zhang et al. 2019).1 The merger
rate of sBBHs from the PBH channel is highly uncertain,
although it is argued that the contribution from it to the
GWB may be also large comparing with that from the as-
trophysical channels (e.g., Chen et al. 2018). In the present
paper, we also ignore the contribution from the primordial
channel.
• EMBS channel: The cosmic merger rate density for
sBBHs formed via the EMBS channel may be simply derived
by the convolution of the birth rate density of sBBHs with
the distribution function of the time delay (td) of the merger
time from the formation time as (see Dvorkin et al. 2016;
Cao et al. 2018):
R••,B(m1, q, z) =
∫
dtdfeffRbirth(m1, z
′)Pt(td)Pq(q), (11)
and
Rbirth(m1, z
′) =
∫∫
dm?dZψ˙(Z; z
′)φ(m?)δ(m?−g−1(m1, Z)).
(12)
Here ψ˙(Z; z′) is the cosmic star formation rate density
(SFR) with metallicity Z in the range Z → Z + dZ at
redshift z′, φ(m?) is the initial mass function (IMF) and
m1 = g(m?, Z) is the relationship between the BH remnant
mass m1 and its progenitor stellar mass m?, for which we
adopt the results by Spera et al. (2015), the probability dis-
tribution of td (= t(z)− t(z′) with t(z) =
∫∞
z
|dt/dz′|dz′) is
assumed to P (td) ∝ t−1d , with the minimum value as 50 Myr
and maximum value as the Hubble time (Belczynski et al.
2016; Dvorkin et al. 2016), Pq(q) ∝ q, that ranges from 0.5 to
1, is the distribution of mass ratio q (= m2/m1). We assume
that ψ˙(Z; z) can be separate to two independent functions,
one is the total SFR at redshift z and the other is metallicity
distribution of those stars at that redshift. We adopt the to-
tal SFR obtained from observations by Madau & Dickinson
(2014) as
SFR(z) = 0.015
(1 + z)2.7
1 + [(1 + z)/2.9]5.6
MMpc
−3 yr−1, (13)
and mean metallicity distribution (Belczynski et al. 2016)
log [Zmean(z)] = 0.5+log
(
y(1−R)
ρb
∫ 20
z
97.8× 1010SFR(z′)
H0EV(z′)(1 + z′)
dz′
)
.
(14)
1 Note here that sBBHs formed via the AGN/MBH-assisted
channel may also have large eccentricities (e.g., Zhang et al. 2019)
and thus have an effect similar to those formed via the dynamical
channel on the GWB. In principle, its effect can be absorbed into
that from the dynamical channel by adjusting the contribution
fraction.
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Here R = 0.27, y = 0.019, ρb = 2.55×1011 Ωb h20 MMpc−3,
h0 is the Hubble constant in unit of 100km s
−1Mpc−1. More
detailed descriptions about the method to estimate the
sBBH merger rate density can be found in Cao et al. (2018).
sBBHs formed via the EMBS channel may also be ini-
tially eccentric due to the natal kick received at the forma-
tion time of the second BH, which may lead to an imprint in
the shape of the GWB spectrum at the LISA band. During
the binary evolution, the eccentricity introduced by natal
kick and mass loss can be estimated by the descriptions in
Hurley et al. (2002). Observations of single Galactic pulsars
suggest that the natal kick is about 265 km s−1 (Hobbs et
al. 2005), while the natal kicks should be lower for close bi-
naries. Assuming that the natal kick is 200 km s−1 and the
mass loss at black hole formation is 10%, the induced eccen-
tricity can be ∼ 0.3, which is consistent with the result in
Kowalska et al. (2011). Apparently, the eccentricities excited
by the natal kick cannot be very high (e.g., Kowalska et al.
2011; Belczynski et al. 2016) for any reasonably assumed
natal kicks. In the present paper, we consider two cases for
the eccentricity of the sBBHs formed via the EMBS channel,
i.e., (1) all sBBHs are already well circularized and have ec-
centricities close to 0 when they enter the LISA band from
fr = 10
−4 Hz, and (2) the eccentricity probability distri-
bution of those sBBHs is Gaussian with mean eccentricity
0.3 and standard deviation 0.1 when those sBBHs enter the
LISA band (i.e., e ∼ N (0.3, 0.12) at 10−4 Hz).
• Dynamical channel: The formation of sBBHs via dy-
namical interactions in dense (globular) clusters have been
investigated intensively and its cosmic merger rate density
has been estimated in a number of recent works. In this pa-
per, we adopt the merger rate density obtained in Rodriguez
& Loeb (2018, see their Eq. (1) and Appendix) by using both
dynamical simulations on the formation of sBBHs and sim-
ple descriptions on the formation and evolution of globular
clusters, which is given by
R••,D(t) =
∫∫∫
M˙GC
d log10MHalo
∣∣∣
z(τ)
1
〈MGC〉P (MGC)
×R(rv,MGC, τ − t)dMHalodMGCdτ . (15)
Here M˙GC
d log10MHalo
is the comoving SFR in globular clusters
per galaxies of a given halo mass MHalo at given redshift z(τ)
(or a given formation time τ), P (MGC) is the cluster initial
mass function, 〈MGC〉 is the mean initial mass of a globular
cluster and R(rv,MGC, t) is the merger rate of sBBHs in a
globular cluster with initial virial radius rv and mass MGC
at time t. The specific fit for M˙GC
d log10MHalo
and R(rv,MGC, t)
can be found in the Appendix of Rodriguez & Loeb (2018).
Here we adopt their standard model, which assumes 50% of
clusters form with rv = 1pc and 50% form with rv = 2pc.
For sBBHs formed via the dynamical channel, we can get
the distribution of their total mass and mass ratio (q), ac-
cording to the simulation results in Rodriguez et al. (2018b,
2016a). The resulting mass ratio distribution (P (q)) is more
or less similar to that from the EMBS channel. Therefore,
we adopt the same distribution as that for the EMBS chan-
nel sBBHs, i.e., P (q) ∝ q for q ∈ [0.5, 1]. We obtain the
primary mass distribution P (m1) using the total mass and
mass ratio distributions, then we get R••,D(m1, q, z) for the
dynamical channel.
The sBBHs formed via the dynamical channel in dense
globular cluster may have large eccentricities when they
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Figure 1. Chirp mass distributions of sBBHs in different models
at redshift z = 0. Black solid line represents the result from the
model where EMBS channel produces all sBBHs (see the first
line of Table 1). Cyan, red dash, blue dot, and green dotted-dash
lines show the results from the model with contributions from the
dynamical channel of 25%, 50%, 75%, and 100%, respectively. The
shaded region represents the constraint from LIGO/VIRGO O1
and O2 observations (Abbott et al. 2019b).
radiate GWs in the LISA band (Rodriguez et al. 2018a;
D’Orazio & Samsing 2018). In general, the dynamically orig-
inated sBBHs experienced encounters with other objects for
many times excited to high eccentric orbits (Heggie & Rasio
1996), and thus they are expected to possess eccentricities
much larger than those formed via the EMBS channel. Ac-
cording to the simulation results obtained in many recent
works (Breivik et al. 2016; Samsing & D’Orazio 2018; Ro-
driguez et al. 2018b), usually the eccentricity can be as high
as 10−4 at 10Hz. According to Breivik et al. (2016), the ec-
centricities of dynamically originated sBBHs can be as large
as 0.9 or even larger at 10−4Hz, and more than half of them
can have such eccentricities. In the present paper, we assume
three different eccentricity distributions for sBBHs formed
via the dynamical channel, first one is a Gaussian distribu-
tion at orbital frequencies of 10−4 Hz with mean of 0.9, sec-
ond one is a Gaussian distribution at the orbital frequency
of 10−3 Hz with mean of 0.7, and the last one is a uniform
distribution between 0.5 and 1 at the orbital frequency of
10−3 Hz. Since e ≤ 1 and ≥ 0, we cut the distribution at
e = 1 and 0, and renormalize it accordingly. We note here
that the sBBHs formed from AGN/MBH-assisted channel
and those affected by Lidov-Kozai mechanism can have even
larger eccentricities. Their contribution to the GWB may
further strengthen the effects on GWB shape by dynamical
originated sBBHs discussed below.
2.2.2 Cosmic merger rate density of BNSs and BNSs
properties
Similar to the description of merger rate density of sBBHs
formed from the EMBS channel, we use an analytic descrip-
tion to calculate the cosmic merger rate density for BNSs.
This description is similar to that for BBHs represented by
Equations (11) and (12), except that the mass range for m1
of BNSs is from 1M to 2M. We also adopt the relation
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between remnant mass and progenitor star mass from Spera
et al. (2015), the same as what we use for sBBHs.
These BNSs are eccentric at formation and we assume a
simple Gaussian distribution, PBNS(e) = N(0.7, 0.1
2) at or-
bital frequency of 10−4 Hz, to describe (Andrews et al. 2020).
The eccentricity distribution may have a large uncertainty
as different formation models may result quite different dis-
tributions (Klencki et al. 2018).
2.3 Models
Here we introduce twelve different models to estimate the
GWB by considering the uncertainties in the estimates of
sBBH merger rates for different formation channels and
the eccentricity distribution of those sBBHs/BNSs, as listed
in Table 1. The total sBBH and BNS merger rates at
z ∼ 0 for each model are calibrated to the current con-
straints obtained from the O1 and O2 observations of LIGO
and VIRGO. These constraints on the local merger rates
densities for sBBHs and BNSs are 56+45.0−46.3 Gpc
−3 yr−1 and
920+2920−810 Gpc
−3 yr−1, respectively (Abbott et al. 2019a).2
Descriptions of those sBBHs contributed from the EMBS
channel and the dynamical channel in each model are item-
ized as follows. For all these models, the mergers from BNSs
are fixed as described in Section 2.2.2 and their contribution
to the GWB is the same.
(i) R1:0e1 d0e2 ...: In this model, we assume all the
sBBHs are originated from EMBS channel. The redshift evo-
lution of their cosmic merger rate density is described in
section 2.2.1. We assume these sources are in circular or-
bits, meaning their eccentricity (e1) probability distribution
is P (e1) = δ(0).
(ii) R3:1e1 d0e2-4 g9: In this model, we adopt the lo-
cal sBBH merger rate density from the dynamical channel
as 14 Gpc−3 yr−1 (Rodriguez & Loeb 2018), i.e., accounting
for 25% of all the sBBHs. The rest 75% local sBBH mergers
are from the EMBS channel. The ratio of the local sBBH
merger rate contributed from the EMBS channel to that
from the dynamical channel is R = 3 : 1. The redshift evo-
lution of the EMBS sources and the dynamical sources are
the same as those given by Equation (11) and (15). We as-
sume the EMBS sources are all in circular orbits, i.e., their
eccentricity (e1) probability distribution is P (e1) = δ(0).
For dynamical origin sources their eccentricity distribution
P (e2) is assumed to be a Gaussian distribution with a mean
of 0.9 and a standard deviation of 0.1 at 10−4,Hz, denoted as
P (e2) = N(0.9, 0.1
2)
∣∣
10−4Hz. This model is frequently taken
as the reference model in the text below.
(iii) R3:1e1 g3e2-4 g9: The settings of this model are
the same as that of the model R3:1e1 d0e2-4 g9 except
that the eccentricity distribution of the EMBS sources is
assumed to follow a Gaussian distribution with a mean of
0.3 and a standard deviation of 0.1 at orbital frequency of
10−4 Hz, i.e., P (e1) = N(0.3, 0.12)
∣∣
10−4Hz.
(iv) R3:1e1 d0e2-3 g7: The settings of this model are
the same as that of the model R3:1e1 d0e2-4 g9 except
that the eccentricity distribution of the dynamical sources
2 Considering recent detection of GW190425, the latest con-
straint on the BNS local merger rate is consistent with the value
adopted here (Abbott et al. 2020).
is assumed to follow a Gaussian distribution with a mean of
0.7 and a standard deviation of 0.1 at orbital frequency of
10−3 Hz, i.e., P (e2) = N(0.7, 0.12)
∣∣
10−3Hz.
(v) R3:1e1 g3e2-3 g7: The settings of this model are
the same as that of the model R3:1e1 d0e2-3 g7 except
that the eccentricity distribution of the EMBS sources is
assumed to follow a Gaussian distribution with a mean of
0.3 and a standard deviation of 0.1 at orbital frequency of
10−4 Hz, i.e.,P (e1) = N(0.3, 0.12)
∣∣
10−4Hz.
(vi) R1:1e1 d0e2-4 g9: The settings of this model are
the same as that of the model R3:1e1 d0e2-4 g9 except
that the ratio of local sBBH mergers contributed by the
EMBS channel to that by the dynamical channel is set to
1:1.
(vii) R1:1e1 d0e2-3 g7: The settings of this model are
the same as that of the model R1:1e1 d0e2-4 g9 ex-
cept that the eccentricity distribution of the dynamical
sources is assumed to follow a Gaussian distribution P (e2) =
N(0.7, 0.12) at orbital frequency of 10−3 Hz.
(viii) R1:3e1 d0e2-4 g9: The settings of this model are
the same as that of the model R1:1e1 d0e2-4 g9 except
that the ratio of the local sBBH mergers contributed by the
EMBS channel to that by the dynamical channel is set to
1 : 3.
(ix) R1:3e1 d0e2-3 g7: The settings of this model are
the same as that of the model R1:1e1 d0e2-3 g7 except
that the ratio of the local sBBH mergers contributed by the
EMBS channel to that by the dynamical channel is set to
1 : 3.
(x) R0:1e1 ... e2-4 g9: In this model, sBBH mergers
are assumed to be all formed from the dynamical channel
with an eccentricities following a Gaussian distribution with
a mean of 0.9 and a standard deviation of 0.1 at orbital
frequency of 10−4 Hz, i.e., P (e2) = N(0.9, 0.12)
∣∣
10−4Hz.
(xi) R0:1e1 ... e2-3 g7: In this model, sBBH mergers
are assumed to be all formed from the dynamical channel
with an eccentricities following a Gaussian distribution with
a mean of 0.7 and a standard deviation of 0.1 at orbital
frequency of 10−3 Hz, i.e., P (e2) = N(0.7, 0.12)
∣∣
10−3Hz.
(xii) R0:1e1 ...e2-3 U(0.5,1): In this model, sBBH
mergers are assumed to be all formed from the dynami-
cal channel with an eccentricities following a uniform dis-
tribution between 0.5 and 1 at orbital frequency of 10−3 Hz,
i.e.,P (e2) = U(0.5, 1)|10−3Hz.
Note that we neglect the contribution from AGN/MBH-
assisted channel in all the above models. This contribution
and its consequent effect on the GWB shape may be ab-
sorbed into those models for the dynamical channel with
extreme settings on the eccentricity distribution.
Different models may result in sBBHs with different
chirp mass distributions. As an example, Figure 1 shows
the normalized chirp mass distribution functions at redshift
z = 0 from five different models. As seen from Figure 1,
the chirp masses of dynamical channel sources are mostly
larger than 10M, while a significant fraction of the EMBS
channel sources have chirp masses . 10M. Here we only
show the results at z = 0, as for other redshifts the dif-
ference between the chirp mass distributions for these two
channels remains more or less the same. The chirp masses of
the dynamical origin sBBHs are relatively larger comparing
with those from the EMBS channel. The chirp mass function
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from the model with 100% sBBHs originated from the dy-
namical channel (green dotted-dash line) is top heavy with
only a small fraction of sBBHs with Mc . 10M, while
the model with 100% sBBHs originated form the EMBS
channel has a significant fraction of sBBHs with chirp mass
Mc . 10M. The sBBH chirp mass distribution function re-
sulting from the first model is quite consistent with the con-
straint obtained from the O1 and O2 LIGO/VIRGO obser-
vations (shaded region in Fig. 1; see Abbott et al. (2019b)).
The chirp mass distribution function from the model with
100% sBBHs from the dynamical channel seems inconsistent
with the current observational constraint. However, in the
present work, this model is still taken as an extreme case to
demonstrate the effect of sBBH eccentricities on the shape
of the GWB spectrum. Note that the wiggle features in the
chirp mass distribution curves shown in Figure 1 are due to
that we adopt the simulation results from Rodriguez et al.
(2018b) for dynamical originated sBBHs which is limited by
the small number of sources with discrete masses.
2.4 GWB from Different Models
We calculate the stochastic GWB resulting from the in-
spiralling and merging of those sBBHs and BNSs in both
LISA/Taiji/TianQin and LIGO band for each model (listed
in Table 1) according to the descriptions in Section 2 on dis-
tributions of sBBH/BNS properties and merger rate density
evolution.
Figure 2 shows the energy density spectrum of GWB
from sBBHs and BNSs resulting from the second to fifth
models listed above (see Table 1), for which the EMBS chan-
nel dominates the formation of sBBHs. It is clear that the
GWB signal of inspiralling compact binaries will be detected
by both LISA and LIGO with design sensitivity. Top panel of
this figure shows the contributions by sBBHs originated from
the EMBS and dynamical channel, respectively, and that
from BNSs, in R3:1e1 d0e2-4 g9 model. As seen from this
panel, the contributions from sBBHs (blue solid line) and
BNSs (orange solid line) to the total ΩGW (black solid line)
are more or less the same at most frequency range except at
frequency . 10−3 Hz or & 200 Hz, where the BNS contribu-
tion becomes more dominant. At low frequencies covered by
LISA/Taiji/TianQin, EMBS channel sources (cyan dashed
line) contribute slightly more to the energy density spec-
trum than those from the dynamical channel as it accounts
for three quarter of all the sBBHs. The large eccentricities of
dynamical sBBH sources lead to a rapid drop of their con-
tribution to the energy density spectrum at frequency below
10−3 Hz (green dashed line in the top panel). However, this
cannot be seen clearly in the total spectrum since the contri-
butions from other sources dominate. The bottom panel of
Figure 2 shows the total GW energy density spectra of all the
four models and their differences in the LISA/Taiji/TianQin
band can hardly be seen, and therefore it is difficult to dis-
cern these four models simply from the shape and amplitude
of ΩGW (also see Table 1).
Figure 3 shows the total energy density spec-
trum for other three models, i.e., R1:1e1 d0-e2-4 g9,
R1:3e1 d0-e2-3 g7, and R0:1e1 · · · -e2-3 g7. Compar-
ing with R3:1e1 d0e2-3 g7 shown also in Figure 2, these
three models generate a GWB with larger amplitude and a
clear turnover in the shape of ΩGW. The strongest GWB
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Figure 2. The energy density spectrum of stochastic GWB
from stellar binary black holes (sBBHs) and binary neutron stars
(BNSs) under different models. The top panel shows the result
from R3:1e1 d0e2-4 g9 model. Black solid line represents the
total ΩGW, blue solid line represents the contribution from all
the sBBHs and orange solid line represent the contribution from
BNSs. Light blue dashed line shows ΩGW due to sBBHs from
EMBS channel which accounts for 75% of all the sBBHs. ΩGW
from the rest 25% dynamical sBBHs is shown by green dashed
line. The bottom panel shows the total ΩGW from four different
models with the same fractions of different sBBHs channels. The
detailed information of these models is listed in Table 1. The dif-
ferences between these models are the eccentricity distributions
for different channels of sBBHs. The differences in the resulting
Ω(f) from these four models are small. Red, cyan, violet, blue,
and green curves show the sensitivity curves of LISA, Taiji, Tian-
Qin, LIGO O2, and LIGO design, respectively.
signal is given by R0:1e1 ...e2-3 g7 (green dash-dotted
line), in which all sBBHs are produced through the dynam-
ical channel and they have relative higher eccentricities fol-
lowing a Gaussian distribution N(0.7, 0.12) at 10−3 Hz. In
R1:1e1 d0e2-4 g9 and R1:3e1 d0e2-3 g7, it is assumed
that half and a quarter of sBBHs are originated from the
EMBS channel, thus the GWB produced by them lie in
between the other two models in Figure 3 at frequencies
& 0.002 Hz. The amplitude differences largely depend on
the fraction of sBBHs contributed by different formation
channels. The larger the contribution fraction of dynami-
cal sBBHs is, the stronger the GWB becomes because the
dynamical sBBHs have relatively larger chirp masses.
We also list the resulting GWB energy density at 25Hz
for all our models in Table 1. The values range from 1.68×
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Table 1. Parameter settings of sBBH models and the best fits to the resulting GWB at the band of LISA-like space GW detectors.
Model
sBBH Fraction sBBH P (e) ΩGW(25Hz) A f∗ β
EMBS Dyna EMBS Dyna 10−9 10−12 10−3Hz
R1:0e1 d0e2 ... 100% 0 δ(0) · · · · · · 1.68 1.00 0.36 0.88
R3:1e1 d0e2-4 g9 75% 25% δ(0) (0.9, 0.12)
∣∣
f1
1.86 1.36 0.52 0.89
R3:1e1 g3e2-4 g9 75% 25% (0.3, 0.12)
∣∣
f1
(0.9, 0.12)
∣∣
f1
1.86 1.28 0.48 0.86
R3:1e1 d0e2-3 g7 75% 25% δ(0) (0.7, 0.12)
∣∣
f2
1.86 2.22 1.1 0.83
R3:1e1 g3e2-3 g7 75% 25% (0.3, 0.12)
∣∣
f1
(0.7, 0.12)
∣∣
f2
1.86 2.24 1.1 0.79
R1:1e1 d0e2-4 g9 50% 50% δ(0) (0.9, 0.12)
∣∣
f1
2.03 1.74 0.68 1.04
R1:1e1 d0e2-3 g7 50% 50% δ(0) (0.7, 0.12)
∣∣
f2
2.03 3.49 1.9 0.89
R1:3e1 d0e2-4 g9 25% 75% δ(0) (0.9, 0.12)
∣∣
f1
2.20 2.29 0.92 1.10
R1:3e1 d0e2-3 g7 25% 75% δ(0) (0.7, 0.12)
∣∣
f2
2.20 5.07 3.0 0.95
R0:1e1 ... e2-4 g9 0 100% · · · · · · (0.9, 0.12)∣∣
f1
2.38 10.0 3.2 1.20
R0:1e1 ... e2-3 g7 0 100% · · · · · · (0.7, 0.12)∣∣
f2
2.38 10.0 3.2 1.35
R0:1e1 ... e2-3 U(0.5,1) 0 100% · · · · · · U(0.5, 1)|f2 2.38 10.0 3.2 1.25
Note: first column denotes the model name, second and third columns show the local merger rate fractions from the EMBS and
dynamical channels, respectively, fourth and fifth columns list the eccentricity distribution P (e) of the EMBS and dynamical sources at
an orbital frequency of either f1 = 10−4 Hz or f2 = 10−3 Hz (indicated by the subscript), respectively. In the fourth and fifth column,
(e¯, σ2)|f represents a Gaussian distribution with a mean of e¯ and a standard deviation of σ, δ is the Dirac function and U(0.5, 1) means
a uniform distribution between 0.5 and 1. Sixth column shows the GWB density at 25 Hz. Last three columns described the fitting
results for the shape ΩGW by a double power-law, where A, f∗, and β are the amplitude, bending frequency, and low-frequency power
index, respectively (see Eq. 16 in Section 2.4).
10−9 to 2.38× 10−9, and their difference is small, at most a
factor of ∼ 1.4. In R1:0e1 d0e2 ..., our estimate is smaller
than the value 1.8 × 10−9 given by Abbott et al. (2018a)
because of a smaller local merger rate density adopted in
the present work. For some models listed in Table 1, we
obtain higher Ω25Hz because of significant contribution from
the dynamically originated sBBHs, with high relatively chirp
masses.
Apart from the amplitude of ΩGW(f), the shape of GW
energy density spectrum also contains the information for
the origin of these compact binaries. Eccentricity distribu-
tion will influence the shape of ΩGW(f) causing a drop at
low frequency. As seen from Figure 2, the shape of ΩGW(f)
changes little if the eccentricities of sBBHs are not significant
as the model set. If the eccentricities of sBBHs are large at
high frequency (e.g., 0.9 at & 10−3 Hz), the shape of ΩGW(f)
is significantly bent in the LISA band (see Fig. 3). In order
to quantify the influence of eccentric binaries on GWB en-
ergy density spectrum, we fit ΩGW(f) generated by all the
models by a double power-law form to account for the shape
bending as
ΩGW(f) = A×
{
(f/f∗)
2
3 , if f∗ < f < 1 Hz
(f/f∗)β , if f < f∗,
(16)
where A is the amplitude at bending frequency f∗, β is the
power index at low-frequency. Our fitting results are listed
in Table 1. For the high-frequency part, the power index re-
sulting from each model is fixed at the unique value of 2/3
because most, if not all, sBBHS are circularized due to GW
radiation. However, for the low-frequency part, the power
index β resulting from those models with dynamical sBBHs
dominating the contribution to GWB can be substantially
larger than the unique value 2/3 because of their high ec-
centricity.
If the EMBS sources are the main contributors, then β
differs little from 2/3 because of the small contribution from
dynamical sBBHs with high eccentricities. The largest dif-
ference between β and 2/3 is obtained from R0:1e1 ...e2-
3 g7, in which sBBHs are all formed from the dynamical
channel with relatively the largest eccentricities among all
the models considered here. The differences on the resulting
shape and amplitude of ΩGW(f) from different models sug-
gest that it is possible to discern various sBBH formation
channels by accurately measuring the GWB with LISA. Ac-
cording to our fitting results listed in Table 1, we note here
that the turnover frequency f∗ may be below the LISA sensi-
tive band (a few times 10−4 Hz) in several models, therefore
it may be difficult to be observationally determined. How-
ever if the eccentricities of sBBHs could be relatively larger
at higher frequencies than those assumed in the present pa-
per, the turnover point may move to higher frequency and
thus the double power-law shape of GWB spectrum may be
easier to be observed. As mentioned in Section 2.1, sBBHs
formed from the AGN-assisted channel or sBBHs inspirals
and mergers induced by the Lidov-Kozai mechanisms, ig-
nored in our models, can have relatively higher eccentricities
than what we assumed in the present paper, and thus may
help to lead to a higher turnover frequency. We also note here
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Figure 3. The energy density spectrum of stochastic GWB from
sBBHs and BNSs in four different models. In all these models, the
EMBS channel sBBHs are circular. The black solid line is from
R3:1e1 d0e2-3 g7model also shown in figure 2. Blue dashed line
shows the result of R1:1e1 d0e2-4 g9 model where the EMBS
channel sBBHs and dynamical channel sBBHs take up the same
fraction. Under this model the eccentricities of dynamical sBBHs
follow a Gaussian distribution N(0.9, 0.12) at 10−4Hz. Red dot-
ted line shows the result from dynamical origin sBBHs domi-
nated model R1:3e1 d0e2-3 g7 where dynamical sBBHs take
up 75% and with a Gaussian eccentricity distribution N(0.7, 0.12)
at 10−3Hz. Green dash dotted line represent a model purely
consisted by dynamical origin sBBHs with a high eccentricity
distribution(N(0.7, 0.12) at 10−3 Hz). The sensitivity curves for
LISA (red curve), Taiji (cyan curve), TianQin (violet curve), DE-
CIGO (gold curve), LIGO observing runs O2 (blue curve) and
LIGO design sensitivity (green curve) are also shown on the fig-
ure.
that that the effect from eccentric sBBHs on the GWB spec-
trum is constrained by the contribution from cosmic BNSs.
If the real local BNS merger rate density is substantially
smaller than the current constraint from GW observations,
the value of β for each model would become larger than that
listed in Table 1.
Figure 4 shows the contributions to GWB by sBBHs
with different properties or at different redshift range for
the model R0:1e1 ...e2-4 g9 as an example. (Results from
other models are similar to this one.) From the left two
panels of Figure 4, we can see that sources with chirp
mass Mc . 10M contribute little to the total GWB,
while those with Mc ∼ 20 − 30M contribute more or less
the same to GWB as those with Mc ∼ 30 − 40M, ex-
cept at the high- and low-frequency ends, and the sources
with Mc ∼ 10 − 20M contribute less than those with
Mc ∼ 20 − 30M. For sources with higher Mc, their con-
tribution to GWB becomes small because their merger rate
density declines rapidly with increasing Mc. Right panels
of Figure 4 show the contributions from sBBHs at different
redshift ranges. The relative contribution fraction of those
sources at z < 3 compared with all sBBHs is more than 90%.
The shift of the peaks at the high-frequency end is due to
that the GWB from sBBHs with different chirp masses drop
at different frequencies. At both the low- and high-frequency
ends, the contribution from BNSs becomes dominant (see
top panel of Fig.2). At the high-frequency end (& 300 Hz),
the contribution from sBBHs drops because they only emit
GWs at lower frequencies, while at the low frequency end
(. 10−4 Hz), it drops dramatically in some models because
of the high eccentricities. As seen from the bottom panels,
the contributions from sBBHs in different mass ranges have
a peak at both the high-frequency and low-frequency ends.
At the high-frequency end, the peaks are caused by the max-
imum GW radiation and subsequent rapid drop of sBBHs
at the merger phase, where the contribution from DNSs is
significant and does not decline. The frequency of the peak
increases with decreasing sBBH mass range as the GWB
spectrum from lighter sBBHs drops at lower frequency. At
the low-frequency end, the peak is caused by the effect of ec-
centricity. Eccentric sBBHs emit GW energy most at their
peak frequencies but has little power at lower frequencies,
so the contribution rises at the frequency (slight) higher
than 10−4 Hz, where we assume that dynamically originated
sBBHs have high eccentricities.
2.4.1 Signal-to-Noise ratio (SNR)
The GWB from sBBHs and BNSs estimated above
may be detected by LISA/Taiji/TianQin and
LIGO/Virgo/KAGRA. The signal-to-noise ratio (SNR)
for the predicted GWB resulting from each model can
be estimated according to the sensitivity curves of those
detectors.
The expected SNR of the GWB (ΩGW), if detected by
LISA, can be estimated as (Thrane & Romano 2013)
SNR =
√
T
[∫ ∞
0
Ω2GW(f)
Ω2n(f)
df
]1/2
. (17)
Here Ωn(f) =
2pi2f3Sn(f)
3H20
, Sn(f) =
Pn(f)
R(f) is the strain spec-
tral sensitivity, R(f) is the transfer function of the detector,
Pn(f) is its noise power spectral density, T is the total obser-
vation time and set as T = 5 years the same as that adopted
by Sesana (2016). We adopt the following fitting formula for
R(f) of LISA given by (Robson et al. 2018)
R(f) = 3
10
1
1 + 0.6(f/f∗)2
, (18)
where f∗ = 1.909× 10−2 Hz.
The expected SNR of the GWB (ΩGW), if detected by
LIGO, can be roughly estimated as (Flanagan 1993; Abbott
et al. 2018a)
SNR =
3H20
10pi2
√
2T
[∫ ∞
0
df
∑
i>j
γ2ij(f)Ω
2
GW(f)
f6P in(f)P
j
n (f)
]1/2
, (19)
where γij is the overlap reduction function (Flanagan 1993),
P in and P
j
n are the noise power spectral densities in the two
detectors, T is also the duration of observation(s). In the
present paper we adopt T = 24 months.
We present SNR results of all our models in Table 2. The
differences between four EMBS channel dominated models
in Table 1 are quite small. The largest SNR result is from
the model R0:1e1 ...e2-3 g7, in which all the sBBHs are
originated from dynamical channel. The expected SNRs for
LISA are quiet large for all those models, while they are
much smaller for LIGO. For different models, the expected
SNR differ a lot in both types of detectors because of the dif-
ferences in the amplitude of the predicted ΩGW. The higher
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Figure 4. Contributions from sBBH sources within different chirp mass and redshift ranges. The results shown here is for model
R0:1e1 ...e2-4 g9: sBBHs are all from dynamical channel with a Gaussian distribution N(0.9, 0.12) of e at 10−4 Hz. Top left panel
shows the results for sBBHs with different Mc ranges. Bottom left panel shows the contribution fraction relative to the total ΩGW by
adding the BNSs’ part. The contributions from sources withMc between 20 and 30M (blue line) and between 30 and 40M (gray line)
are comparable. sBBHs withMc . 10M contribute only a little to the total GWB (cyan line). Top right and bottom panels show ΩGW
from those sBBHs in different redshift ranges and their contribution fractions with relative to the total GWB. Red, cyan, violet, gold,
blue, and green curves represent the sensitivity curves of LISA, Taiji, TianQin, LIGO observing runs O2, and LIGO design sensitivity
curves.
the fraction of dynamical sBBHs, the higher the amplitude
of the GWB, and thus the larger the expected SNR.
3 SIMULATING THE GWB SIGNAL IN THE
TIME DOMAIN
We also estimate the GWB signal in the time domain that
may be detected by LISA and LIGO/VIRGO/KAGRA, in
addition to the GWB energy density spectrum estimated
above. In Section 3.1, we first describe how to generate mock
samples of sBBHs and BNSs, which can be used to obtain
the GWB signal by direct summation of the GW radiation
from different sources across the cosmic time. In section 3.2,
we present the simulated GWB time serious signal in the
LISA bands. For the simulation of time domain GWB sig-
nals in the LIGO/VIRGO/KAGRA band, see Abbott et al.
(2018a).
3.1 Mock Samples
The total number density of GW sources at an orbital period
range from P to P + dP can be estimated if the merger
rate density evolution Rmrg(Mc, e0, z) of these sources with
initial eccentricities e0 at an orbital period P0 is known. In
the present paper, we choose P0 = 10
5 s to study the number
distribution of GW sources in both LISA and LIGO bands.
Assuming all binaries are circular (e0 = 0) when they emit
GWs in the LISA and LIGO/VIRGO/KAGRA bands, the
total number of circular sources in the inspiral stage can be
calculated by
dN
dP
' dN
dt
· dt
dP
=
∫∫
5Rmrg(Mc, 0, z)c5P 5/3
384 · 22/3pi8/3(GMc)5/3
dV
dz
dzdMc.
(20)
We also consider the merger and ringdown stages accord-
ing to the analytic fit to the GW energy spectrum given
in Equation (8). If the GW sources in the inspiral stage are
non-circular with an eccentricity distribution of P (e0) at P0,
the above Equation (20) can be modified to
dN
dP
'
∫∫∫
5Rmrg(Mc, e0, z)c5(1− e2)7/2P 5/3
384 · 22/3pi8/3(GMc) 53
(
1 + 73
24
e2 + 37
96
e4
)
×dV
dz
dzdMcde0, (21)
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Table 2. Expected SNRs of the predicted GWB from different models if detected by LISA, Taiji, TianQin and LIGO detectors with
design sensitivities.
Model
LISA Taiji TianQin LIGO
sBBH Total sBBH Total sBBH Total sBBH Total
R1:0e1 d0e2 ... 129+121−104 274
+584
−232 120
+114
−97 255
+542
−216 10.1
+9.5
−8.16 21.2
+44.9
−17.9 1.47
+1.39
−1.19 2.88
+5.88
−2.43
R3:1e1 d0e2-4 g9 150+142−121 296
+604
−250 141
+133
−114 276
+561
−233 12.0
+11.3
−9.69 23.1
+46.7
−19.5 1.78
+1.68
−1.44 3.19
+6.16
−2.68
R3:1e1 g3e2-4 g9 142+133−115 287
+596
−242 134
+125
−108 268
+554
−226 11.8
+11.2
−9.53 23.0
+46.4
−19.4 1.78
+1.68
−1.44 3.19
+6.16
−2.68
R3:1e1 d0e2-3 g7 145+136−117 290
+598
−245 137
+130
−111 272
+557
−229 12.0
+11.3
−9.70 23.1
+46.6
−19.5 1.78
+1.68
−1.44 3.19
+6.16
−2.68
R3:1e1 g3e2-3 g7 136+128−110 281
+590
−237 130
+122
−105 264
+551
−223 11.8
+11.1
−9.53 22.9
+46.5
−19.3 1.78
+1.68
−1.44 3.19
+6.16
−2.68
R1:1e1 d0e2-4 g9 172+162−139 318
+624
−268 162
+152
−131 296
+581
−249 13.9
+13.0
−11.2 25.0
+48.4
−21.0 2.09
+1.97
−1.69 3.50
+6.45
−2.93
R1:1e1 d0e2-3 g7 161+151−130 306
+613
−258 154
+146
−124 289
+573
−243 13.8
+13.0
−11.2 25.0
+48.3
−21.0 2.09
+1.97
−1.69 3.50
+6.45
−2.93
R1:3e1 d0e2-4 g9 194+182−157 339
+645
−284 182
+172
−147 317
+600
−266 15.8
+14.8
−12.8 26.9
+50.2
−22.5 2.40
+2.25
−1.94 3.81
+6.74
−3.18
R1:3e1 d0e2-3 g7 177+166−143 322
+627
−271 172
+161
−139 306
+589
−257 15.7
+14.7
−12.7 26.8
+50.1
−22.5 2.40
+2.25
−1.94 3.81
+6.74
−3.18
R0:1e1 d0e2-4 g9 216+203−175 361
+665
−302 203
+191
−164 338
+619
−283 17.6
+16.6
−14.2 28.8
+51.9
−24.1 2.70
+2.55
−2.18 4.12
+7.03
−3.43
R0:1e1 ...e2-3 g7 193+182−156 338
+642
−284 189
+178
−150 323
+605
−271 17.5
+16.5
−14.1 28.7
+51.8
−24.0 2.70
+2.55
−2.18 4.12
+7.03
−3.43
R0:1e1 ...e2-3 U(0.5,1) 207+196−167 353
+656
−296 198
+187
−160 333
+614
−279 17.6
+16.6
−14.2 28.7
+16.6
−14.2 2.70
+2.55
−2.18 4.12
+7.03
−3.43
Note: the observations time period for LISA (Taiji, TianQin) and LIGO are set as 5 years and 24 months, respectively. First column
denotes the model name. Second, third, and fourth columns show the expected SNR values for the predicted GWB from sBBH, BNS,
and all sources by LISA. The last three columns correspond to those by LIGO.
where e is given by Equation (3) as e = e(fp; e0, fp,0) with
fp = 1/P .
Figure 5 shows the results of the period distribution of
GW sources from two different models: R0:1e1 ...e2-3 g7
and R0:1e1 ...e2-4 g7. In the top panel, black and red dot-
ted lines show dN/d log10 P from circular sBBHs and BNSs
respectively. Circular cases show a single power law relation
as Equation (20) indicates. Compared with circular cases,
period distribution of initially eccentric sources drops dra-
matically at long period range because these sBBHs radi-
ate GW more rapidly and decay to shorter period faster
than circular ones. For different eccentricity distribution the
turning point is different, R0:1e1 ...e2-3 g7 model shows
deviation from circular case at the largest P . In the bot-
tom panel of Figure 5, we show the differential distribu-
tion d2N/d log10 Pdz at different redshift obtained from the
above two models.
From period distribution we can get GW source num-
ber in our mock sample. However when producing the mock
samples for sBBHs and BNSs, we only pick those with or-
bital frequency between 0.004 Hz and 0.5 Hz for the follow-
ing reasons. First, the number of compact binaries at lower
frequencies are too many to be efficiently calculated. Sec-
ond, the contribution to the total power from sources at
lower frequencies is much less significant than those from
higher frequencies. Within this frequency range, we ignore
the effect of eccentricity as almost all sources have been
circularized (see Figure 5). We assign physical parameters
(m1, q, z) to each individual sBBH and BNS according to
the probability distributions of these parameters. We use
two models to demonstrate our results from mock samples.
In EMBS dominated model, whose sBBH fraction setting is
the same as the second to fifth models in Table 1, sBBHs
are composed by both EMBS channel sources and dynamical
channel sources whose physical parameter distributions are
described clearly in Section 2.2.1. As for the other purely
dynamical channel model, whose sBBH fraction setting is
the same as last two models in Table 1, all the sBBHs are
from dynamical origin channel and their source parameter
distributions are described in Section 2.2.1. The parameter
distributions of BNSs are described in Section 2.2.2. Except
for these three physical parameters we also need to consider
their position information when calculating the strain signal
in time domain. The directions of the sBBHs/BNSs orbital
planes should be randomly distributed on the sky and thus
its orientations with respect to the gravitational wave detec-
tor are random distributed.
3.2 GWB signal at the LISA band
From the mock sample of sBBHs and BNSs, we can di-
rectly estimate their GWB strain signal in the time do-
main. In the LISA band (10−4-1 Hz), all sBBHs/BNSs are
radiating GWs in the inspiral phase with semimajor axes
(a GMtot/c2), and thus the Newtonian approximation of
the GW strain should be sufficiently accurate for the esti-
mation of the GWB signal. For a binary system with chirp
massMc, distance r and inclination angle ι between the line
of sight (LOS) and the orbital angular momentum direction
of the binary system, the two polarizations of GW are given
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Figure 5. Period distributions for GW sources of different mod-
els. In the top panel, black and red dotted lines show the circu-
lar cases for sBBHs and BNSs respectively. Black solid line in-
dicates the period distribution of sBBHs in R0:1e1 ...e2-3 g7
model, black dashed line indicates that in R0:1e1 ...e2-4 g9
model and red dash-dotted line indicates eccentric BNSs used
in all above models with eccentricity distribution N(0.7, 0.12) at
10−4 Hz. In the bottom panel, we show period distribution at
different redshift for two models: R0:1e1 ...e2-3 g7 (solid lines)
and R0:1e1 ...e2-4 g9 (dotted lines).
by:
h+(t) = −GMc
c2r
1 + cos2 ι
2
(
c3(tc − t)
5GMc
)−1/4
×
cos
[
2ϕc − 2
(
c3(tc − t)
5GMc
)5/8]
, (22)
h×(t) = −GMc
c2r
cos ι
(
c3(tc − t)
5GMc
)−1/4
×
sin
[
2ϕc − 2
(
c3(tc − t)
5GMc
)5/8]
. (23)
Here ϕc is the phase of GW at the merger time tc (i.e.,
the time of coalescence). To account for the orientations of
GW detectors, the antenna pattern functions for LISA-like
detectors:
F+ =
√
3
2
[
1
2
(1 + cos2 θ) cos 2φ cos 2ψ − cos θ sin 2φ sin 2ψ
]
,
(24)
and
F× =
√
3
2
[
1
2
(1 + cos2 θ) cos 2φ sin 2ψ + cos θ sin 2φ cos 2ψ
]
,
(25)
are required to be convoluted in. Here parameters (θ, φ) de-
scribe the sky location of the source and ψ denotes the ori-
entation of the source relative to the detector. For detailed
discussions, see Cornish & Rubbo (2003). The strain mea-
sured by the detector is then
h = F+h+(t) + F×h×(t). (26)
By summing up the strain of all sources from the mock sam-
ple together, we can then obtain the simulated GWB strain
signal. We calculate a time series of duration 104 seconds
to present the GWB signal of sBBHs and BNSs (see also
Abbott et al. 2018a). During the period of observation time
Tp, we set the sampling rate to 0.3 s
−1, which is about the
proposed sampling rate of LISA (∼ 3 Hz; Amaro-Seoane et
al. 2017).
Figure 6 shows the sBBHs and BNSs GWB strain sig-
nal in the time domain resulting from the EMBS dominated
model and purely dynamical model. Here we do not consider
the eccentricity, so we simplify the models above in Table 1.
In the EMBS dominated model, the EMBS channel sBBHs
are about 75% of all sBBHs, while in the purely dynami-
cal model all sBBHs are formed via the dynamical channel.
In this Figure, we only show the signal of the GWB from
binary systems at inspiral stage without considering the in-
strument noise, for simplicity. The instrument noise can be
simply modeled by integrating over the LISA noise power
spectrum. The GWB strain amplitude is on the order of
10−21, which should be detectable by LISA. For compari-
son, the strain amplitude of the brightest source (an sBBH,
shown by the red lines in Fig. 6) in the mock sample gen-
erated from each model is on the order of 10−23, about two
orders of magnitude smaller than the GWB signal. We also
check the BNSs’ signal, their strain signals are significantly
smaller than those of sBBHs. As also seen from Figure 6, the
purely dynamical channel model (bottom panel) produces a
slightly higher GWB signal than the other model because
the sBBHs in this model have larger chirp masses compared
to those in the other model. More specifically,
〈
h2
〉
equals
2.3×10−43 in purely dynamical channel model while 〈h2〉 is
1.6×10−43 for EMBS dominated model. These two numbers
are consistent with Ω(f) estimated previously.
3.3 Signal-to-Noise Ratio (SNR) for individual
sources
We also estimate SNRs for individual sources in our mock
sample in the LISA band, in addition to that for the GWB.
In this case, the GWB may be considered as unresolved
background noises and the effective noise power spectral
density can be estimated as Seff(f) = Sn(f) + SGWB(f).
Here SGWB is given by (see Barack & Cutler 2004; Chen &
Huang 2018):
SGWB(f) =
3H20
2pi2
ΩGW(f)
f3
, (27)
and Sn(f) for LISA can be found in Section 2.4.1. The SNR
for individual sources can then be estimated as (see Barack
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Figure 6. Simulated GWB signal from the sBBHs and BNSs in
two different models: R3:1e1 d0e2-4 g9, where the EMBS dom-
inates the formation of sBBHs (top panel), and R0:1e1 ...e2-
4 g9, where all sBBHs are formed via the dynamical channel
model (bottom panel). Note that here we ignore the eccentrici-
ties of all the sources because it is not important in the frequency
range we consider here. The observation time duration shown here
is 104 s. The signal from each model is on the order of 10−21.
Bottom purely dynamical channel model shows a slightly larger
amplitude compared to the EMBS dominated model, which is
consistent with the result of ΩGW. The red line shows that the
signal from brightest source is much smaller than the GWB signal.
For both models the brightest signal is two orders of magnitude
smaller than total GWB signal.
& Cutler 2004):
(SNR)2 = 2
∫
2pi
3(piD)2c3
(GMc)5/3(pif)−1/3
(1 + z)f2Seff(f)
df. (28)
Here we adopt a 5-year mission time for LISA, which is
reflected in the exact frequency range we integrate in the
above formula for each source. Since the GWB signal acts as
a stochastic noise, the expected SNRs for individual sources
are relatively lower compared with those without considering
such a noise. If the GWB can be modelled well, the SNR
for individual sources may be also obtained by removing
the GWB, in which case the noise power spectral density is
Sn(f). In this case, we also estimate the expected SNRs for
individual sources. Here we pick those mock sources with
SNR > 8 as “detectable” objects. Apparently BNSs cannot
be detected by LISA (usually with SNR . 2). Note that we
only generate one mock sample of BNSs as the formation
recipes for BNSs are the same in different models considered
in this paper.
Considering the uncertainties from intrinsic merger rate
density, we find that the numbers of detection for EMBS
dominated model and purely dynamical channel model are
about 94+90−89 and 110
+111
−98 , respectively. Considering of the
confusion noise from GWB, these numbers decrease to 81+44−76
and 85+51−73, respectively. If the mission time for LISA extends
to 10 years, the corresponding numbers for these two mod-
els are about 267+272−253 and 265
+266
−241 when confusion noise of
GWB is removed. While treating GWB as unknown noise,
those numbers are reduced to 228+128−214 and 217
+138
−194, respec-
tively. It is clear that the expected SNR of an sBBH when
considering the GWB noise is smaller, but not much smaller,
than that without considering such noise, and the expected
number of the “detectable” mock sBBHs does change some-
what. In the generation of mock objects via the Monte-Carlo
method, only those systems with f > 0.004 Hz are generated
but GW sources at lower frequencies are excluded. There
might be some sources with lower frequencies that may be
missed in the above estimates.
Figures 7 and 8 show the distributions of the redshift,
chirp mass, and the expected SNR (> 8 by 5 years obser-
vation of LISA) for those “detectable” mock BBHs, result-
ing from the EMBS dominated model and purely dynamical
model, respectively. As seen from these two Figures, almost
all “detectable” sources are nearby BBHs with redshift < 0.2
and the closest one has a redshift of 0.005 and distance of
22Mpc. In EMBS dominated model, the dynamical channel
contributes about half of the detectable sources although its
contribution to the total merger rate density is only about a
quarter (top two panels of Fig. 7), because of the relatively
larger chirp masses and thus larger GW signals of the BBHs
produced by the dynamical channel (bottom right panel of
Fig. 7).
We also show the characteristic amplitudes for sources
that can be detected by LISA/Taiji/TianQin and by LIGO
in Figure 9 , which demonstrates the possibility of multi-
band observations of these sources. In the EMBS dominated
model, about 94+90−89 sBBHs can be detected with SNR > 8
by LISA after 5 years observation. Among these sources
17+17−16 can merge within 5 years and detected by ground-
base GW detectors. In the purely dynamical model, among
110+111−98 sBBHs that can be observed by LISA in 5 years,
13+13−13 sources will merge in 5 years and can be detected by
LIGO. The confusion of GWB is shown as the grey area in
Figure 9. We also give the corresponding numbers for Taiji
and TianQin in Table 3. We find that about 168+165−161 sBBHs
in the EMBS dominated model can be detected with SNR
> 8 by Taiji and about 44+44−43 of them will merge within
5 years and can be detected by LIGO. For the purely dy-
namical model, the corresponding numbers are 180+185−165 and
43+44−43, respectively. As for TianQin, in the EMBS domi-
nated model about 112+111−109 sBBHs have SNR > 8 after 5
years’ observation and 100+101−99 of them will merge within 5
years and can be detected by LIGO. In the purely dynamical
model, the corresponding numbers are 97+98−93 and 84
+85
−84, re-
spectively. Our results on TianQin are consistent with those
in the work of Liu et al. (2020). Taiji detects more sBBHs
than LISA and TianQin, while TianQin has advantages in
detecting multiband sources with relatively shorter lifetimes
as it can probe higher frequencies. We also find that 14+13−10
and 6+6−6 mock BBHs may be “detected” with SNR> 18 for
the purely dynamical model and EMBS dominated model
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Figure 7. Distributions of the properties of the “detectable” mock BBHs (with SNR > 8 by 5 years observation of LISA) resulting from
the EMBS dominated model. Top-left, top-right, and bottom-left panels show the redshift distribution, the chirp mass distribution, and
the expected SNR distribution, respectively. In each of these three panels, the red histogram shows the distribution of “detectable” mock
BBHs obtained by using the BBH merger rate density calibrated by the observational constraint (mean value) from LIGO/VIRGO,
and the dotted histogram and the dashed histogram separately show the distributions of those BBHs from the EMBS channel and the
dynamical channel, respectively. The blue and green histograms represent the distributions of “detectable” mock BBHs by considering
the uncertainty with 90% confidence level of the constraint on the merger rate density from LIGO, denoted as “calibration rate upper
limit” and “calibration rate lower limit”, respectively. The bottom-right panel shows the distribution of these “detectable” mock BBHs
both from the EMBS channel (crosses) and the dynamical channel (filled circles) on the chirp mass-redshift plane with SNR indicated
by the color indexes, and in this panel, only the results obtained by using the BBH merger rate density calibrated by the LIGO/VIRGO
observations, but without considering the uncertainty of the constraint on the BBH merger rate density.
(see the bottom-right panels in Figs. 7 and 8), respectively,
which means they can be “detected” with SNR> 8 by the
first year observations of LISA as SNR is roughly propor-
tional to the square root of the observation time. With the
first year observations of Taiji and TianQin, 21+22−17 (14
+15
−12)
and 11+11−10 (12
+12
−11) mock BBHs may be “detected” for the
purely dynamical model (or the EMBS dominated model),
respectively.
The fact that the GWB is significantly high than the
GW signal of individual sBBHs and BNSs raises significant
challenge in the data analysis for extracting individual stel-
lar compact binaries from future LISA/Taiji/TianQin ob-
servations (see, e.g., Baker & LISA Data Challenge Working
Group Team 2018). We defer further studies on such data
analysis to future. Note that a number of recent studies have
been investigating whether multi-band observations could be
down by combining ground-based GW observatories, such
as LIGO/VIRGO/KAGRA, and LISA observations (Sesana
2016; Gerosa et al. 2019; Moore et al. 2019). Furthermore, it
may be easier to find the progenitors of some merging stellar
compact binaries by digging the LISA (and Taiji/TianQin)
archive data if they were detected by ground-based GW ob-
servatories with accurate parameter estimation (Moore et
al. 2019).
4 DISCUSSIONS
In this paper, we adopt simple semi-analytic models to esti-
mate the cosmic population of sBBHs formed via the EMBS
and dynamical channels and BNSs formed via the EMBS
channel and further estimate the GWB energy density spec-
trum. In principle, these simple models may be improved
by the combination of more sophisticated population syn-
thesis models, in which more detailed physical processes in-
volved in the formation of both sBBHs and BNSs can be
considered, with cosmological galaxy formation and evolu-
tion models, and thus improving the estimates of the merger
rates of stellar compact binaries and the distributions of
their properties. In the present paper, we did not consider
such more sophisticated models partly for the following rea-
sons. There are still large uncertainties in those population
synthesis models because many of the physical processes in-
volved in the formation of sBBHs and BNSs are not well
understood (e.g., Belczynski et al. 2016), and the resulting
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Figure 8. Legend similar to that for Fig. 7, but for “detectable” mock BBHs resulting from the purely dynamical model.
Table 3. Number of “Detectable” mock sBBHs by LISA, Taiji and TianQin.
Detector
EMBS Dominated Model Purely Dynamical Model
SNR > 8 SNR > 8 and τ < 5 years SNR > 8 SNR > 8 and τ < 5 years
LISA 94+90−89 17
+17
−16 110
+111
−98 13
+13
−13
Taiji 168+165−161 44
+44
−43 180
+185
−165 43
+44
−43
TianQin 112+111−109 100
+101
−99 97
+98
−93 84
+85
−84
Note: the observations time period for LISA (Taiji,TianQin) are set as 5 years. First column denotes the GW detectors. Second column
shows the number of sBBHs with SNR > 8 in EMBS dominated model. Third column shows the number of detectable sBBHs that will
merge within 5 years in EMBS dominated model. Fourth and fifth columns represent those corresponding numbers in purely dynamical
model.
merger rates from different models differ a lot. Especially,
most of the BNS formation models lead to a locate merger
rate only marginally consistent with the lower bound of the
current LIGO/VIRGO constraint (e.g., de Mink & Belczyn-
ski 2015; Mapelli & Giacobbo 2018; Giacobbo & Mapelli
2019). If the real BNS merger rate is significantly smaller
than the current constraint, the bending of the GWB spec-
trum at low frequencies would be more evident.
To investigate the effect of highly eccentric sBBHs
formed via the dynamical channel or other channels on the
GWB spectrum and for demonstration purpose, we sim-
ply assume different eccentricity distributions at an early
stage for BNSs and (EMBS originated and dynamically orig-
inated) sBBHs. Our results show that the GWB spectrum
is bent significantly if the contribution from highly eccen-
tric sBBHs originated from the dynamical channel to the
GWB is significant. In future, one could also directly ob-
tain the eccentricity distribution of dynamically originated
sBBHs from detailed dynamical modelling of dense stellar
systems over the cosmic time by adopting more complicated
models. We adopt a simple assumption on the eccentric-
ity distribution, Gaussian-like distribution, of GW sources.
However, the real eccentricity distribution for sBBHs and
DNSs are highly uncertain (Andrews et al. 2020). Results
from different models shown in Table 1 suggest that different
eccentricity distributions lead to different spectrum indices
of GWB at the low-frequency end, which may be used to
distinguish/constrain models.
We also did not consider the contributions to the GWB
by sBBHs formed via the AGN/MBH-assisted channel, the
PBH channel, and those sBBH mergers induced by the
Lidov-Kozai mechanisms in triple systems because of large
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Figure 9. The multiband observations of sBBHs from mock sam-
ples described in Section 3.1 and a few GW sources detected by
LIGO O1 and O2 (Abbott et al. 2019a). Light blue lines are the
94 sBBHs from EMBS dominated model with SNR > 8 after 5
years observation of LISA, and violet lines represent 110 sources
from purely dynamical model. GW150914 is shown by black solid
line. Red, cyan, violet, blue, and green curves show the sensitiv-
ity curves of LISA, Taiji, TianQin, LIGO O2, and LIGO design,
respectively. And the grey area shows the confusion of GWB of
model R3:1e1 d0e2-4 g9.
uncertainties in their merger rate estimates. In general, those
sBBHs formed via these several mechanisms may also have
larger eccentricities, thus they can have a similar effect to the
bend of the GWB spectrum as that of the dynamically orig-
inated sBBHs. In future, one may consider all those mecha-
nisms together to form a comprehensive model for estimat-
ing the cosmic sBBH population and their contribution to
the GWB. Or in the other way, one may generate a popula-
tion synthesis model for the “detected” GWB spectrum with
additional information from individual sources detected by
the ground-based GW observatories to constrain the contri-
butions from different channels to the cosmic population of
sBBHs, etc.
Note here that the mergers of neutron star-black hole
binaries (NSBHs), are not considered in the present work,
simply because there is no available constraint on its
merger rate, yet, though there are some candidates al-
ready discovered by the O3 observations of LIGO/VIRGO
(http://gracedb.ligo.org). Assuming the local merger rate
density for NSBHs is ∼ 40 Gpc−3 yr−1 (see Mapelli & Gi-
acobbo 2018) and the typical chirp mass is ∼ 3.0M (for
typical NSBHs 1.4M+10M), we find that their contribu-
tion to the GWB is roughly ∼ 7% of that from sBBHs and
BNSs listed in Table 1. However, if the merger rate density
of BHNS is significantly higher than 40 Gpc−3 yr−1, their
contribution to the GWB could also be significant.
The GWB may act as a confusion to the detection of
individual GW events. We have shown that this confusion
may lead an SNR decrease when detecting individual stel-
lar compact binaries though it is not substantial. Since the
GWB is expected to be measured by the space GW detectors
with high SNR(& 280) and may be well modelled, the SNR
decrease due to such a GWB confusion can be reduced to
the minimal. For other GW sources, such as mergers of bina-
ries of massive/intermediate-mass black holes and extreme-
mass-ratio-inspirals (EMRIs), similarly, the confusion from
the GWB due to stellar compact binaries will not lead to any
significant decrease to their detection SNR. Note here in our
estimates of the GWB only the cosmic stellar compact bina-
ries are considered, but mergers of intermediate-mass black
holes (IMBHs) and EMRIs may also contribute to the GWB
in the low frequency band (10−4−1 Hz). The rates of IMBH
mergers and EMRI event are highly uncertain, dependent
on the poorly known seed black hole formation mechanisms
and detailed structures of galactic nuclei, etc., which hind
robust estimates of their contributions to the GWB.
5 CONCLUSIONS
In this paper, we investigate the GWB contributed by stel-
lar compact binaries at frequencies from ∼ 10−4 − 1000 Hz.
We consider the contributions both from cosmic populations
of sBBHs formed via evolution of massive binary stars (the
EMBS channel) and dynamical interactions of compact (bi-
nary) stars in dense stellar systems (the dynamical channel)
and cosmic BNSs formed via the EMBS channel. By inves-
tigating various simple models for the formation of sBBHs
and BNSs and their property distributions, especially, the
eccentricity distribution resulting from the dynamical chan-
nel, we find that the GWB spectrum in the low frequency
band (10−4 − 1 Hz; the band for space GW detectors like
LISA/Taiji/TianQin) may not be the unique power-law with
a slope of 2/3 in the whole frequency range, but bent sig-
nificantly at lower frequencies due to the high eccentricities
of sBBHs formed via the dynamical channel and can be fit-
ted by a double-power law with a slope ' 2/3 at high fre-
quency part but a slope substantially larger than 2/3 at low
frequency part. The significance of such a bend depending
on the significance of the contribution from sBBHs formed
via the dynamical channel to the total cosmic population of
sBBHs. If this contribution is less than a fraction of ∼ 25%,
the GW spectrum is only slightly bent, and the difference
between the two slopes for the double-power fitting to the
GWB is small (<∼ 0.2). However, the bending is quite signifi-
cant if the dynamical originated sBBHs dominate the sBBH
cosmic population and the difference between the two slopes
can be large (>∼ 0.4−0.5). The turnover frequency of the dou-
ble power-law GWB spectrum is ∼ 1×10−3 Hz if the dynam-
ical originated sBBHs have high eccentricities (& 0.9− 0.7)
at f ∼ 10−4 − 10−3 Hz, and it may move to a higher fre-
quency if these sBBHs can have high eccentricities at higher
frequencies.
Our results show that the GWB at the low-frequency
band (10−4− 1 Hz) can be detected by LISA/Taiji/TianQin
over a mission time of 5 years with SNR & 274/255/21, and
it can be detected with SNR & 18/17/1.5 with the first week
observations of LISA/Taiji/TianQin. This suggests that the
GWB from stellar compact binaries may be the first GW
signal to be revealed by the space GW detectors. The rea-
son is that the event rates of other main sources, such as
the mergers of massive binary black holes or IMBHs, are
estimated to be mostly less than a few to a few tens per
year (e.g., Sesana et al. 2005; Fragione et al. 2018; Fra-
gione & Bromberg 2019; Chen et al. 2020). Although the
rate for EMRIs could be in the range from a few to thou-
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sands per year (Babak et al. 2017), but such estimates have
large uncertainties. Detailed analyses suggest that EMRIs
may be or may be not detected in the first week observa-
tion of LISA/Taiji/TianQin (e.g., Gair et al. 2017). This is
quite different from the case for the high-frequency GWB
(1 − 1000 Hz), for which many individual sources have al-
ready been detected by LIGO/VIRGO while the GWB is
still waiting to be detected in about 6 years (Abbott et al.
2018a) (assuming the full sensitivity of LIGO achieved in
2023 and after 3 years of LIGO observation).
We estimate the GWB in the time domain by sum-
ming up GW signals from numerous mock cosmic sBBHs
and BNSs generated from our models. We find that the
stochastic GWB in the time domain has an amplitude of
∼ 10−21, which is around two orders of magnitude larger
than the source with the largest SNR. The confusion from
the GWB does have some effect on the SNR estimate for
individual stellar compact binaries, however, its effect is not
so significant. Furthermore, the GWB may be well detected
and modelled when searching individual stellar compact bi-
naries and thus the effect may be reduced to be the minimal.
We also investigate the detection of individual stel-
lar compact binaries by space GW detectors and find that
within the mission time of 5 years LISA/Taiji/TianQin may
detect about ∼ 5-221/7-365/3-223 (or ∼ 16-782/27-1645/6-
1479) sBBHs with SNR& 8 (or 5) individual sBBHs, but
none of the cosmic BNSs (not the Milky Way BNSs) can
be detected with high SNRs (e.g., & 3). With the first
year observations of LISA/Taiji/TianQin, the number of
that sBBHs may be “detected” with SNR& 8 is expected
to be ∼ 0-27/2-43/1-24. If the mission time is extended
to 10 years, then the number of sBBHs that can be de-
tected increase to ∼ 14-539/19-936/7-729 (or ∼ 39-3229/59-
7975/12-4879) with SNR& 8 (or & 5). Among these de-
tectable sources (with SNR& 8) during 5 years mission of
LISA/Taiji/TianQin, about ∼ 0-34/0-88/0-201 (or ∼ 0-
49/1-143/0-211) sBBHs can merge within 5 (or 10) years.
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